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Thomas-Fermi-Dirac (TFD) theory, developed in the early days of quantum
mechanics, is widely used to describe the bulk properties of matter at the high
pressures existing deep inside large (e.g. extrasolar) planets and stars, where
electrons are highly degenerate'®. Recent developments in shock-free dynamic
(ramp) compression provide the first laboratory access to this dense matter
regime. We describe new ramp-compression measurements for diamond,
achieving 3.7-fold compression at a peak pressure of 5 TPa (50 million
atmospheres). These data, buttressed by first-principles density-functional
calculations with the generalized gradient approximation, DFT-GGA’, confirm that
gradient-corrected TFD with correlation (TFD-Wc)® reproduces the equation of
state and sound velocity of carbon at multi-TPa pressures. Our results provide
experimental validation for the utility of this version of statistical-atom theory,
and its application to planets, stars and inertial-confinement fusion'®. Our data
also furnish new constraints on mass-radius relationships for carbon-rich
planets.

The recent discovery of hundreds of planets outside our Solar System®® together
with the significant push to achieve inertially confined fusion in the laboratory'® has
prompted a renewed interest in how matter behaves at millions to billions of
atmospheres pressure. While the Thomas-Fermi-Dirac (TFD) statistical-atom model is
widely used to describe the bulk properties of matter at these electron-degenerate
conditions'®, theory and experiment suggest that new complexities may emerge at
densities where core electrons — not just valence electrons — significantly influence the
structure and bonding of matter'”.

Experimental access to multi-TeraPascal (TPa=10 million atmospheres) conditions
common to the deep interiors of large planets is now possible with dynamic-ramped-
compression. Dynamic compression is necessary to achieve atomic-scale pressures,
conditions far beyond those accessible in static experiments'®'®>. Ramp compression
produces less dissipative-heating, thus enabling higher compression and lower
temperature, as compared to shock compression'®. Ramp compression is however
unstable relative to a shock because sound velocities typically increase with pressure,



so precise control of the applied pressure-loading history is required to achieve high
pressures without shock formation.

The National Ignition Facility, a 2-MJ (megajoule) laser designed to create
thermonuclear fusion in the laboratory'®, offers the energy and control necessary to
ramp compress matter to several TPa. This report summarizes ramp-loading
measurements on carbon to 5 TPa, with stress, density and sound speed data for the
entire compression path. These new equation of state (EOS) data are at
unprecedented conditions, and provide the first experimental constraints on
fundamental quantum-statistical models for dense matter developed early in the last
century.

In these experiments, 176 laser beams deliver a total of 2.2 TW peak power, with
accuracy better than 1 percent in power and 0.02 ns in time, over 20 ns duration. The
light hitting a target (indirectly) creates an ablatively driven pressure wave in the sample
(Fig. 1), and — as pressure scales as the 7/8 power of the laser intensity’® — the
pressure is controlled to better than 1 percent. Samples consist of nanocrystalline
diamond, shaped with steps so that the pressure-wave transit across four different
thicknesses is recorded for each experiment'®. Response of the sample is
characterized by velocity interferometry (VISAR), which records the velocity of the
sample’s free (back) surface as it is engulfed by the pressure wave'’ (Fig. 1). lterative
Lagrangian analysis is used to translate these velocity data into a stress-compression
(or stress-density) relation that quantifies the loading path (Fig. 2)'®'°. These data are
absolute — not referenced against a standard — which is important for quantifying the
EOS and benchmarking condensed-matter theories in the TPa regime. We find a
smooth variation of Lagrangian velocity with compression, and observe no evidence of
phase transformation within the time-scale or resolution of our measurements (Fig. 2)'°.

In detail, we initiate loading with a ~ 0.1 TPa shock wave, before subjecting the
sample to the main ramp compression (Fig. 1). Such pre-ramp loading of diamond
produces a more fluid-like (strength-free) state®® which is important for reducing the
dissipative heating that can limit compression. Longitudinal stress (Px) — not pressure —
is shown in Fig. 2, as our one-dimensional loading method creates a uniaxial strain that
relaxes toward an isotropic state.

A typical record (Fig. 1) shows a free-surface velocity profile, uis(f), characterized
by an initial shock to 4.1 km/s, followed by a fast rise and plateau at 7.2 km/s, and
subsequent ramp compression to 46.6 km/s (3.7 TPa). Our analysis yields the
Lagrangian sound speed C. and Py as functions of compression (p/p,) or density
(p)from the measured ws(f) (Fig. 2)'®'°. In all, three experiments yielded C.(p) and
Py(p) to peak stresses of 2.7, 3.7 and 5 TPa, respectively. C. decreases abruptly at us =
4.1 km/s, corresponding to Py imit = 0.11 TPa that is interpreted as the dynamic strength
(elastic limit) of diamond?'. Hydrodynamic simulations indicate that the rapid rise and
plateau at 7.2 km/s corresponds to a reverberating compression wave within the
intermediate Au layer.

These new data are used to test several carbon EOS models into the multi-TPa
regime (Fig. 2)'. First, an isentrope derived from first-principles density functional
theory (DFT-GGA) is in good agreement with an isentrope estimated from a Mie—



Gruneisen reduction and extrapolation of shock-Hugoniot data collected to 2 TPa. For
reference, the corresponding Hugoniots are shown (solid red and yellow curves), and
illustrate the uncertainties in extrapolating the shock-compression EOS of carbon. Not
shown are extrapolations of static-compression and elasticity measurements to 0.14
TPa, the most recent version of which (Vinet EOS with preferred values of zero-
pressure bulk modulus and pressure derivative of K, = 445 GPa and K = 4.2)%# is
indistinguishable from the isentropes presented here (the difference between isentropes
and isotherms is also indistinguishable on this scale). However, such extrapolations are
highly uncertain: depending on the EOS used (e.g., Vinet with Ky = 445 GPa and K =
3.0 or with Ky = 445 GPa and K = 4.2)%*%, the isentrope pressure at a density of 12
g/cm® can range between 2.8 and 5.7 TPa (Fig. 3, inset). In short, our new data are
compatible with published experimental and theoretical results, but lie in a regime
requiring significant extrapolation from prior measurements.

Also consistent with estimated isentropes is the gradient- and correlation-
corrected Thomas-Fermi-Dirac equation of state (TFD-Wc) between about 2 and 5 TPa
(Fig. 2 and Fig. S3'). The agreement with DFT is notable, because the statistical-atom
model considers neither crystal structure nor orbital information whereas DFT includes
both. We acknowledge that the agreement may be partly fortuitous because carbon
might not yet be in its densest crystal structure at these pressures, and the deviation of
statistical-atom theories is toward predicting compressions that are systematically too
low (see upper inset of Fig. 2b). For the different TF models we use the reference
density of diamond to plot these models in compression (Fig. S3 shows similar plot in
stress density)."

Our ramp-compression data achieve higher densities than shock compression,
consistent with temperatures being lower than on the Hugoniot."*'®  Moreover, these
new data are comparable to cold-isothermal compression calculations with DFT-GGA
over most of the pressure range studied, TFD-W and TFD-Wc at pressures above ~2
TPa, but not with Thomas-Fermi or other TFD results.’”® Because both strength and
heating can stiffen the stress—compression relation with respect to the isentrope®* our
data should be considered an upper bound for such comparison, and further study is
warranted to better characterize this convergence of theory and experiment.

The experimental techniques developed here provide a new capability to
experimentally access pressures deep in planetary interiors. Carbon is the fourth most
abundant element in the cosmos and plays a potentially important role in many types of
planets, both within and outside the Solar System. One proposed group of super-Earth
exoplanets (1-10 Earth masses in size) are those enriched in carbon, and the planet 55
Cancri e has been proposed as a possible carbon planet®®. Figure 3 shows mass-radius
relationships for selected known super-Earths together with various hypothetical
uniform-composition planets, including a pure carbon planet based on our ramp
compression equation of state. Using the new data we find the central pressure for a 10
Earth-mass pure carbon planet to be ~900 GPa. This new capability to reach multi-TPa
pressures enables experimental access to Jupiter’'s core pressures where
extrapolations of earlier shock (yellow band) and static (grey band) data become
unreliable (Fig. 3, inset)*.



Our results also have relevance for large pulsar planets, such as the companion
of millisecond pulsar PSR J1719-1438%°. This object has a minimum mass somewhat
larger than Jupiter (1.15*10° Ms,, or 383 Earth masses), and a 2.2 hour orbital period.
A carbon-rich composition was suggested based on TFD-Wc results for carbon (Refs. 6
and 28). The reliability of this form of TFD theory as shown by our experiments
supports this interpretation. An extrapolation of our EOS consistent with TFD-Wc
suggests an object of this mass made of pure carbon would have a radius of ~4.3 Earth
radii and a central pressure of ~200 TPa. The mean density of 27 g/cm® is consistent
with the measured minimum density of the pulsar planet (23 g/cm®)?.

In summary, diamond, the least compressible material known, was compressed
to an unprecedented density of 12 g/cm®, more than that of lead at ambient conditions.
The measured Lagrangian sound speed, stress and compression provide the first
experimental data for constraining condensed-matter theory and planet-evolution
models in the TPa regime. By realizing three necessary conditions, 1) the adiabatic
conditions of dynamic compression; 2) a loading profile soft enough to avoid shock
formation; and 3) a nearly fluid-like response of the sample, such that strength and
dissipation are minimal, these experiments document an approach for taking solids to
the long-sought high-density conditions of statistical-electron theory.
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Fig. 1. Velocity interferometry record (top) and derived free-surface velocity us (bottom)
as a function of time for diamond compressed at NIF. The target (inset) consists of a 6-
mm diameter by 11-mm long Au cylinder (hohlraum), inside of which the 351-nm
wavelength laser light (purple beams) is converted to x-ray energy that is absorbed by
the diamond sample placed on the side of the hohlraum. The x-rays ablate and ramp-
compress the sample, and the free surface velocity is recorded for four thicknesses of
diamond: 140.0 ym (red), 151.7 uym (blue), 162.6 um (black) and 172.5 um (green).
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Fig. 2. Lagrangian sound velocity Ci, (a) and longitudinal stress Px (b) as functions of
compression determined from the velocity interferometry records (Fig. 1). Three
experiments (N110308, N110516, N110524) yield Lagrangian-velocity data (pink, light-
green, grey in (a)), and their average (dark blue curve in (a) and (b)), including projected
uncertainties, are used to determine the stress- compression path (For stress density
comparison see text and Supplementary Material)'®'®. Model comparisons include: i)
estimates of the shock-compression Hugoniots from den3|ty functional theory (DFT,
solid red curve), and extrapolated from experimental data below 2 TPa (yellow solid
curve); i) the isentrope from DFT (red dashed curve), and derived from the extrapolated
experimental Hugoniot (yellow dashed curve) using a simple Mie-Grueniesen models; iii)
0 K isotherms obtained from the statistical-atom models (TF, TFD, TFD-W, and TFD-
Wc) as green dotted, short dashed, long dashed, solid, and dot- dashed curves) To
present these Thomas-Fermi based |sotherms in compression we use the initial density
of diamond as the reference density'®. Central pressures for Earth, Neptune and Saturn
are shown for reference®. Inset in (b) shows detailed comparisons between
measurements and models at low pressure.
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Two possible values of radii are shown for 55 Cancri e (red squares)®® . The inset
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(~4.3-8.8 TPa)®®. Black curve with error bar shows the density scaled ramp
compression diamond data from this study up to 5 TPa, thereby achieving pressures of
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References (1-13)

1. Determination of Stress-Density Relation

The Lagrangian analysis method developed by Aidun and Gupta' and modified by
Rothman? was used to determine the Lagrangian sound speed Ci(u) and the stress-
compression (Px-p/po) from the measured uis(t) data, where u is the particle speed, and
Uis is the samples free surface velocity (with 4 steps, in the present experiments).
Metrology of the sample surface showed that the roughness was < 0.1 ym, thickness
gradients were < 1%, and step heights were accurate to within 0.1 ym. In all, three
shots gave Ci(u) and Px-p/po data. Ci(u) and its uncertainty o, (u) are obtained from
thickness and velocity vs time data by linear regression using errors determined by our
measurement accuracies: u;s (0.05 km/s), time (10 ps), and step height (100 nm). The
uncertainty is propagated by calculating the weighted mean average of all three shots,

(CLU)=3) -/ %

OZCL OZCL]-
V|
number. The uncertainty in the average value is chosen from the maximum of the
uncertainty in the mean and the weighted standard deviation. (C_(u) ) and g¢, are

as shown by the blue curve in Fig. 2(a), where j is the shot

1
integrated to obtain P.=p, [ (CL)du , p=p0(1-/0“(g—t)) , and their uncertainties

p_2 uU(CL>dU
Po 0 (CL)2

Op,=P, fou O,cydu and o,= . Uncertainties are propagated though the integrals

10



linearly, rather than in quadrature because o0ic , appears to be strongly correlated
rather than random. This method of uncertainty propagation allows the direct
propagation of experimental uncertainties to P, — %or P, —p.

Release waves from the diamond-vacuum interface significantly perturb the
incoming ramp wave. Extensive tests using simulated data confirm that the iterative
Lagrangian analysis accurately corrects for these wave interactions.

2. Mie-Griuneisen Hugoniot and isentrope.

In the main text (Fig. 2) we compare our stress-compression data to a Mie-
Gruneisen Hugoniot and isentrope reduced from available diamond Hugoniot data.
There are several ways to construct a Mie-Grlneisen equation of state, and here we
begin with the relation for the pressure relative to a reference pressure Py,

P(n,E) = Piei(n) + pony(E — Eret(n)), (1)
where, n = ;’—Ois the compression, y is the Grilineisen parameter which is assumed to

depend only on density, and py is the initial density. We can use either the Hugoniot or
isotherm data to determine the reference states. Here we use the diamond Hugoniot
data as the reference using a linear fit to existing shock velocity versus particle velocity
data®®,

Us=C+ SUp (2)
where, C=12.0, and s=1.04. From this we obtain,
c(n-1)

Fy(n)=p———=
(1) (1=s(n-1) ©)

Eref (17) = pom’

U] ]
2(n-s(n-1))

Finally from Eq. 1 we obtain the cold curve
C*(n-1)
(m=s(n-1))

Py(n)=pon

where we solve

dE, _ 1 (PH<p)+p0y17(E0—EH))=

— = (6)
dn  pn’

2 2 2
C*(n-1) il g C*(n-1) 2
2(n=s(n-1))

Here it is also assumed y = y,n~9, where y,.= 0.85.° The variable g, has not been
measured at high pressure, and can have a significant impact on the determined cold
curve. We find that a value of g = 0.98 (+0.42, -0.18) yields a cold curve centered on our
data (and error bars). This value of q is consistent with static measurements at
pressures < 0.1 TPa.®

11



3. Summary of Diamond EOS data

Figure S1 compares our data (initial density po ~ 3.25 g/cc) with previously reported
static,* shock Hugoniot,®® and ramp compression'' data (p,~ 3.515 g/cc) as stress vs.
compression (p/p,). Shown as inset to Fig. S1 are calculated stress-compression of the
three NIF experiments: N110308, N110516 and N110524 showing the level of
repeatability. Figure S2 shows the same curves as S1 albeit in stress-density space.
Our ramp-compression data yield slightly lower densities than the calculated isentrope
(e.g., ~ 8% offset at 12 g/cm®) because of initial sample density as well as residual
strength/dissipation effects'>. A simple correction for this low initial density (o),
amounts to scaling the density by the ratio initial densities (o] / oy =3.515/3.25)s0

as to compare results at equivalent compression (Fig. S2 black curve) with the DFT cold
curve.” Figure S3 shows the NIF Data compared to the several Thomas Fermi based
isotherms, similar to Fig. 2 in the main paper, only in density space.
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Fig. S1. Stress versus compression for the NIF ramp data (blue solid curve). Also
shown are the calculated Hugoniot (solid lines) and the calculated cold curve from DFT
(dashed line)™. The density shift between the calculated isentrope and cold isotherm
are calculated to be negligible. Also shown are data from shock experiments [Knudson®
(yellow circles), Nagao’ (up triangle), Bradley® (open hexagon), Hicks® (blue hexagon),
Brygoo'® (down triangle), MacWilliams'' (open squares)], isothermal static data [green
circles are ruby corrected data from Occelli*®] and the ramp-compression data of
Bradley'? (solid gray curve). Shown as inset are calculated stress-density of the three
NIF shots: N110308, N110516 and N110524 showing the level of repeatability between

experiments.
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Fig. S2. Stress versus density for the NIF ramp data (blue solid curve). Our ramp-
compression data yield slightly lower densities than the calculated isentrope (e.g., ~ 8%
offset at 12 g/cm®) because of the initial density (and possible residual strength) of the
sample. A simple correction for this low initial density (pg), amounts to scaling the
density by the ratio initial densities (" / p;""" =3.515/3.25)so as to compare results at

equivalent compression (black curve). Other data and theory are the same as in Fig.
S1.
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Fig. S3. Stress versus density for the NIF ramp data (blue is raw data and black is the
density scaled (0" /py"™ =3.515/3.25) data). Model comparisons include: i) the

isentrope from DFT (red dashed curve), and derived from the extrapolated experimental
Hugoniot using a simple Mie-Grueniesen model (yellow dashed curve); ii) 0 K isotherms
obtained from the statistical-atom models (TF, TFD, TFD-W, and TFD-Wc) as green
dotted, short dashed, long dashed, solid, and dot-dashed curves)® To present these
Thomas-Fermi based isotherms in compression we use the initial density of diamond as
the reference density. Central pressures for Earth, Neptune and Saturn are shown for
reference®. Inset in (b) shows detailed comparisons between measurements and
models at low pressure.
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Table S1.
Calculated Stress-Density Data (blue curve in Figs. 2(b), S1, S2 and S3)

Stress Stress Density Density
(GPa) Uncertainty (g/cm®) Uncertainty
(GPa) (g/ cm®)
0.0 0.0 3.25 0.00
9.7 0.1 3.29 0.00
19.5 0.2 3.32 0.00
29.4 0.3 3.36 0.00
39.2 0.3 3.40 0.00
49.2 0.4 3.44 0.00
59.1 0.5 3.48 0.00
69.0 0.6 3.53 0.00
79.0 0.7 3.57 0.00
89.0 0.8 3.61 0.00
98.8 0.8 3.66 0.00
107.8 0.9 3.71 0.00
117.0 1.0 3.76 0.01
125.4 1.1 3.82 0.01
133.8 1.1 3.88 0.01
142.4 1.2 3.94 0.01
151.0 1.3 4.00 0.01
159.7 1.3 4.07 0.01
168.7 1.4 4,13 0.01
178.0 1.5 4,19 0.01
187.8 1.6 4.25 0.01
198.5 1.7 4.31 0.01
210 1.9 4.37 0.01
221 2.0 4.42 0.01
234 2.1 4.48 0.02
247 2.3 4.53 0.02
261 2.4 4.58 0.02
275 2.6 4.63 0.02
289 2.8 4.69 0.02
304 3.0 4.74 0.02
318 3.2 4.79 0.02
333 3.4 4.85 0.02
348 3.6 4.90 0.02
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363 3.8 4.95 0.03
379 4.0 5.00 0.03
396 4.3 5.06 0.03
412 4.5 5.11 0.03
428 4.7 517 0.03
445 5.0 5.22 0.03
462 5.2 5.27 0.03
480 5.5 5.33 0.04
498 5.8 5.38 0.04
516 6.0 5.44 0.04
534 6.3 5.49 0.04
553 6.6 5.55 0.04
572 6.9 5.60 0.04
592 7.3 5.66 0.05
612 7.6 5.71 0.05
632 7.9 5.77 0.05
653 8.3 5.82 0.05
674 8.7 5.88 0.05
695 9.1 5.93 0.05
717 9.5 5.99 0.06
739 9.9 6.05 0.06
762 10 6.10 0.06
785 11 6.16 0.06
808 11 6.21 0.07
832 12 6.27 0.07
856 12 6.32 0.07
880 13 6.38 0.07
905 13 6.44 0.07
930 14 6.49 0.08
955 14 6.55 0.08
981 15 6.61 0.08
1008 15 6.66 0.09
1035 16 6.72 0.09
1062 17 6.78 0.09
1090 17 6.83 0.09
1118 18 6.89 0.10
1147 19 6.95 0.10
1176 19 7.00 0.10
1205 20 7.06 0.11
1235 21 712 0.11
1265 21 7.18 0.11
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1296 22 7.23 0.12
1327 23 7.29 0.12
1358 24 7.35 0.12
1390 25 7.41 0.13
1422 25 7.47 0.13
1454 26 7.52 0.13
1487 27 7.58 0.14
1521 28 7.64 0.14
1554 29 7.70 0.14
1588 30 7.76 0.15
1623 31 7.82 0.15
1658 32 7.88 0.16
1694 33 7.94 0.16
1729 34 8.00 0.16
1766 35 8.06 0.17
1802 37 8.12 0.17
1839 38 8.18 0.18
1877 39 8.24 0.18
1915 40 8.31 0.19
1953 42 8.37 0.19
1992 43 8.43 0.20
2032 44 8.49 0.20
2071 46 8.55 0.21
2112 47 8.61 0.21
2152 49 8.68 0.22
2194 50 8.74 0.22
2235 52 8.80 0.23
2277 54 8.86 0.24
2320 55 8.93 0.24
2363 57 8.99 0.25
2406 59 9.05 0.25
2450 60 9.12 0.26
2495 62 9.18 0.27
2540 64 9.25 0.27
2585 66 9.31 0.28
2632 68 9.37 0.28
2678 70 9.44 0.29
2726 72 9.50 0.30
2774 74 9.57 0.30
2822 76 9.63 0.31
2871 79 9.70 0.32
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2920 82 9.76 0.33
2969 85 9.83 0.34
3019 88 9.90 0.35
3069 92 9.96 0.36
3119 96 10.03 0.37
3170 100 10.10 0.38
3222 104 10.17 0.39
3273 108 10.23 0.40
3326 112 10.30 0.41
3379 116 10.37 0.42
3432 121 10.44 0.43
3486 125 10.51 0.44
3541 130 10.58 0.45
3596 134 10.65 0.46
3653 139 10.71 0.48
3710 144 10.78 0.49
3768 149 10.85 0.50
3827 155 10.92 0.51
3887 160 10.99 0.53
3947 165 11.06 0.54
4008 171 11.13 0.55
4070 177 11.19 0.56
4133 183 11.26 0.58
4196 189 11.33 0.59
4260 195 11.40 0.61
4324 202 11.47 0.62
4390 208 11.54 0.63
4457 215 11.60 0.65
4524 228 11.67 0.67
4592 242 11.74 0.69
4663 258 11.81 0.72
4736 275 11.87 0.74
4811 293 11.94 0.76
4889 313 12.00 0.79
4929 323 12.03 0.80
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